A low-cost and high-performance gamma-ray spectrometer has been successfully constructed by using 3≤f × × 3≤ NaI(Tl) scintillation probes, standard lead bricks and others for the measurement of radioactive-cesium concentration of various surrounding materials. A faced double detector system with signal mixing has been employed for the improvement of total-absorption detection efficiency for radioactive-cesium. Uniquely-shaped containers covering the double detectors have been made of acrylic pipes and plates. The total-absorption detection efficiency for radioactive-cesium in the homemade container was experimentally determined by using a standard voluminous source made of soil in Fukushima. The detection efficiency determined from the experiments almost agreed results from Monte Carlo calculations with the PHITS code. It was confirmed from radioactivecesium measurement on fly ash that the subtraction of energy spectral data of background radiations was useful for low-level radioactive-cesium measurement.
Introduction
A large amount of radioactive materials has been released from the Fukushima Daiichi nuclear power plant damaged by the Great East Japan Earthquake in March, 2011 1) . Such radioactive materials have spread over an extensive area 2, 3) . In Fukushima prefecture, restoration works have still continued at many radioactively-contaminated places and then radioactivity inspection has been carried out not only for drinking-water and food crops but also for various surrounding materials such as soil, grass and others 4, 5) . For the purpose of easy check of radioactivity of such samples, a NaI(Tl) scintillation spectrometry system is often used because it is a good match for voluminous sample. Now three years and a half after the Fukushima nuclear accident, monitoring of radioactive cesium with long half-life has been mainly required because of the diminishment of other short-lived radionuclides, which were observed immediately after the accident.
In this study, we have constructed a low-cost and high-performance NaI(Tl) scintillation spectrometry system for the measurement of radioactive-cesium concentration of various surrounding materials. The system is composed of commercially available standard NaI(Tl) scintillation probes, modular electronic instruments, a small air pump, lead bricks and iron plates for radiation shielding, and various building materials such as iron plates, pipes, angle bars, wheels, a sliding stage with a handle and others for the manufacture of a firm mobile trestle. Sample containers, which match a space in the lead and iron shield, have been made of acrylic pipes and plates by the authors. At first, this paper describes composition of the lowcost and high-performance NaI(Tl) spectrometry system, then discusses experiment and calculation results on its characteristics and finally shows measurement results on radioactivecesium concentration of fly ash, which contains relatively large amount of natural radioactive materials. Figure 1 shows the configuration of a newly designed 1 gamma-ray spectrometry system for the measurement of radioactive-cesium concentration of voluminous sample. A faced-type double NaI(Tl) scintillation probe system has been employed for the improvement of the gamma-ray detection efficiency. Two 3″φ × 3″ NaI(Tl) scintillation probes (OKEN SP-30S-KF) were symmetrically set in the radiation shield of neat piles of standard lead bricks (5 × 10 × 20 cm 3 and 5 × 10 × 10 cm 3 ), which were on a firm mobile trestle made by the authors. When a sample container is set between the double NaI(Tl) probes, one of the probes on the sliding stage is horizontally moved through the handle operation as shown in Photo. 1. Figure 2 shows the dimensional figure of a representative homemade acrylic sample container (see Photo. 2). Its inner volume is 1,530 ml. Voluminous sample is sufficiently stirred in another container. As shown in Fig. 2 , a portion of the voluminous sample is put in the container up to the dotted line after the removal of the cap (slash-marked part). The container is well filled with sample through shakes of the container and its cap. Fine adjustment of the volume of the sample can be performed through unfastening the top part (diagonally-marked part) of the cap if necessary. We can check the state of the inside of the container because of its transparency.
Materials and Methods

Construction of gamma-ray spectrometry system
In the room surrounded by the lead bricks, the sample container was covered with thick iron plates with a hole to improve shielding performance against external radiations. Furthermore, plastic bags filled with tungsten powder were put around the rear of the NaI(Tl) probes. As shown in Fig. 1 , in addition, edges were cut from several lead bricks, and then the cables from the probes were pulled out through the resultant gaps in the lead radiation shield. Air ventilation has also been performed by using an air pump through similar gaps to keep the temperature of the probes stable.
As for small amount of sample, an acrylic container of 75 mm φ × 35 mm or of 30 mmφ × 5 mm and its related iron shielding plates have been prepared instead of the container and the related iron shielding plates in Fig. 1 . Figure 3 indicates a schematic drawing of the gamma-ray energy spectroscopy system with the double NaI(Tl) scintillation probes. In order to precisely analyze mixed pulse signals of the double probes (A and B), the gain adjustment was carefully performed by using a multichannel pulse height analyzer for each probe. This mixing process is expected to be effective in the improvement of the gamma-ray detection efficiency for the total-absorption peak. In the present system, the case that a gamma-ray scattered by one NaI(Tl) is absorbed by the other NaI(Tl) corresponds to the total absorption. The prove temperature has been monitored with thermocouples followed by a data logger and a personal computer. We made shaping amplifiers (shaping time; 1 µsec) and a mixer amplifier matching the NaI(Tl) scintillation probes.
Performance evaluation
The following five points were experimentally examined to evaluate performance of the faced-type double NaI(Tl) scintillation spectrometry system. Concerning gamma-ray detection efficiency, in addition, Monte Carlo calculations with the PHITS 6) code were carried out to compare experimental results.
The first point is concerning the improvement of the gamma-ray detection efficiency for the total-absorption peak.
As described in the previous section, the detection efficiency for the total-absorption peak is expected to be improved by the mix- Development of Faced-Type Double NaI(Tl) Scintillation Detector System the area of the total absorption peak. Net counts in the peak area were obtained by Covell method 7) . The relation between the gamma-ray detection efficiency and the distance between the double detectors was examined. In addition, Monte Carlo calculations on the gamma-ray detection efficiency were performed for the same conditions as the experiments. The case that a gamma-ray scattered by one detector is absorbed by the other detector was evaluated by using " T-Deposit 2 tally", which outputted two-dimensional data on energy coincidentally deposited in each detector.
Secondly, shielding performance of the system was examined. The system was normally placed in a radiation laboratory surrounded with 500 mm thick concrete walls. Energy spectra of background gamma-rays were measured with the double NaI(Tl) scintillation spectrometry system with and without the lead and iron shields. Fourthly, the influence of sample density on the gamma-ray detection efficiency was examined. In the gamma-ray detection for voluminous sample, the shielding of sample itself affects the gamma-ray detection efficiency. Therefore, such bulk density correction on the above-mentioned detection efficiency is furthermore necessary for precise radioactivity measurement of voluminous sample. Nonradioactive soil with different density was prepared by mixing cultural soil, which had air and organic matter among soil. Then three kinds of standard voluminous radioactive soil were made in almost the same way as described above. The three kinds of standard radioactive soil were put in the sample containers in Fig. 2 , respectively, and their radioactivity was measured with the system in Fig. 1 Cs gamma-rays were performed for soil samples of which bulk density ranged from 0.2 g/cm 3 to 1.6 g/cm 3 . In the calculation, the soil was considered silica (SiO 2 ).
Lastly, the influence of temperature on the system was examined. This point is important for long-time radioactivity measurement. It is well known that the light output of a NaI(Tl)
scintillator and the gain of a photomultiplier are affected by temperature 8) . Hence, the response of the present double NaI(Tl) spectrometry system to change of surrounding temperature was
intermittently measured with the multichannel pulse height analyzer. The channel position for the total-absorption peak was recorded together with the NaI(Tl) probe temperature, which was monitored with thermocouples as shown in Fig. 3 . standard gamma-ray sources were placed around the center of the double NaI(Tl) system and the temperature in the room was changed by an air conditioner from 288 K to 302 K. The air pump supplied air to the NaI(Tl) probes.
Measurement of low-level radioactive sample
In order to confirm the performance and practicality of the faced-type double NaI(Tl) detector system, we tried to measure the concentration of radioactive cesium in fly ash, which was sampled at an incineration plant in Osaka. The homemade sample container was filled with the fly ash, which was 815 g in weight. Gamma-rays from the fly ash were measured for 24
hours with the present double NaI(Tl) detector system. The fly ash had much higher radioactivity of natural radioactive elements than that of the objective radioactive cesium.
In measured gamma-ray energy spectrum, peaks corresponding to radioactive cesium were too vague to determine its radioactivity. Thus, to make the objective peaks clearer, we tried to subtract background spectral data due to natural radioactive elements from measured spectral data. Major background natural radioactive elements are uranium-and thorium-disintegra- Cs was done from counts for the 662 keV peak area. The gamma-ray detection efficiency of the double NaI(Tl) detector system was corrected as regards the bulk density of the sample. Figure 4 shows examples of gamma-ray energy spectra of a
Results and Discussion
Performance evaluation result
137
Cs standard source measured with the faced-type double NaI (Tl) scintillation detector system. The energy resolution of the system was about 6.6 % for
Cs gamma-rays and also it was confirmed that the use of the signal mixer for the double detectors hardly degraded the energy resolution of the system. Table   1 also indicates examples of data on counts in the areas of the total-absorption peak and of the Compton scattering. As shown in Table 1 and Fig. 4 , it was confirmed from the experiments that counts in the area of the Compton scattering (around edge and backscattering) decreased, while counts in the area of the totalabsorption peak increased in the mode of Function S as compared to the addition of Functions A and B. This indicates that the detection efficiency for the total-absorption peak can be improved by the mixture of pulse signals from the faced two detectors. Figure 5 shows the relation between the improvement factor of the total-absorption peak efficiency and the location of the double detectors. The improvement factor h is given by
where S S and S i are counts in the area of the total-absorption peak in the mode of Function S and in the addition mode of Cs standard source. Distance between fronts of double probes is 6 mm. Table 2 Detection efficiency (total-absorption) of radioactive cesium in soil in container of double NaI(Tl) system.
firmed that the present system with the shield measured no harmful background peaks in the objective area. Also extra lead bricks can be additionally piled around the sample container and the double probes as shown in Fig. 1 , because the trestle has been toughly constructed.
In the experiments concerning the third point, i.e. the gamma-ray detection efficiency for voluminous sample, the weight of the standard radioactive soil enclosed in the homemade container was 1,960 g and therefore its density was 
where E 134 was the detection efficiency (%) for ). Figure 8 shows the relation between the total-absorption peak and the NaI(Tl) probe temperature. It was found from the figure that the temperature coefficient of the total-absorption peak sift was about −0.3 %/ K in the range from 288 K to 302 K in the present system.
Measurement results on fly ash
As described in Section 2.2, to make the total-absorption peak for 137 Cs clearer, we tried to subtract spectral data on background radiations from those on the fly ash. 
Conclusion
In order to measure radioactive-cesium concentration of various surrounding materials, we have constructed a low-cost and high-performance gamma-ray spectrometer by using two 3″φ × 3″ NaI(Tl) scintillation probes, standard lead bricks and others. The faced-type double detector system with the signal mixing has been employed for the improvement of the totalabsorption detection efficiency. It was confirmed that the signal mixing technique somewhat improved the total-absorption detection efficiency and hardly degraded the energy resolution. Cs concentration in fly ash.
Development of Faced-Type Double NaI(Tl) Scintillation Detector System Uniquely-shaped containers for voluminous sample covering the faced double detectors have been made of acrylic pipes and plates. The total-absorption detection efficiency for radioactivecesium of the present system with the homemade container was found to be 3.4 ± 0.2% for 134 Cs and 4.8 ± 0.2% for 137 Cs from the experiments by using the standard voluminous source made of soil sampled in Fukushima. The detection efficiency determined from the experiments almost agreed results from the Monte Carlo calculations with the PHITS code, which were also useful for the bulk density correction on the detection efficiency.
It was furthermore confirmed from the radioactive-cesium measurement on fly ash that the subtraction of energy spectral data of background radiations was useful for the radioactivecesium measurement of low-level radioactive sample.
